The chances for sympatric speciation are improved if ecological divergence leads to assortative mating as a by-product. This effect is known in parasites that find mates using host cues, but studies of larch-and pine-feeding races of the larch budmoth (Zeiraphera diniana, Lepidoptera: Tortricidae) suggest it may also occur when mate attraction is via sex pheromones that are independent of habitat. We have previously shown that females releasing pheromones on or near their own host attract more males of their own race than if placed on the alternative host. This host effect would enhance assortative mating provided adults preferentially alight on their native hosts. Here we investigate alighting preferences in natural mixed forest using a novel likelihood analysis of genotypic clusters based on three semidiagnostic allozyme loci. Both larch and pine females show a realized alighting preference for their own host of 86%. The equivalent preferences of males were 79% for the larch race and 85% for the pine race. These preferences are also detectable in small-scale laboratory experiments, where alighting preferences of larch and pine races towards their own hosts were, respectively, 67 and 66% in females and 69 and 63% in males. Pure larch race moths reared in the laboratory had alighting choice similar to moths from natural populations, while hybrids were intermediate, showing that alighting preferences were heritable and approximately additive. The field estimates of alighting preference, coupled with earlier work on mate choice, yield an estimated rate of natural hybridization between sympatric host races of 2.2-3.8% per generation. Divergent alighting choice enhances pheromone-mediated assortative mating today, and is likely to have been an important cause of assortative mating during initial divergence in host use. Because resources are normally 'coarse-grained' in space and time, assortative mating due to ecological divergence may be a more important catalyst of sympatric speciation than generally realized.
Introduction
Sympatric speciation has been regarded as unlikely because it is difficult to understand how genes for divergent ecology become correlated with genes for mate choice in the face of gene flow and recombination (Felsenstein, 1981; Futuyma, 1998) . The chances of speciation improve sharply when an individual's choice of habitat enhances the probability of mating with other individuals making the same choice (Colwell, 1986; Butlin, 1990; Rice & Hostert, 1993; Bush, 1994; Dieckmann & Doebeli, 1999) . Host races of plant parasites, such as the apple maggot Rhagoletis pomonella, provide some of the best examples. Strong differences in adult host choice between apple and hawthorn host races of Rhagoletis lead inevitably to assortative mating because the host plant provides the only long-range mate-finding cues (Feder et al., 1994; Filchak et al., 2000) .
However, the generality of this kind of adaptive speciation remains questionable (Futuyma, 1998; Tregenza & Butlin, 1999) . Mate-finding in many animals uses habitat-independent long-range cues, such as song (birds, grasshoppers, frogs), or volatile pheromones (moths and many other insects), and speciation seems correspondingly less likely to arise via ecological divergence. The work described here investigates a moth with a habitat-independent pheromone-based mating system. Based on this study, we argue that correlations between habitat choice and mate choice may be more universal than generally appreciated.
The larch budmoth Zeiraphera diniana has sympatric host races that feed on European larch (Larix decidua) and Cembran pine (Pinus cembra) in mountainous areas of Europe. The larch race is renowned for outbreaks in larch forests near the treeline in the Alps. Its population density may fluctuate as much as 10 5 -fold between outbreak and crash on an 8-9 years cycle, and outbreaks are accompanied by long-range mass migrations; dispersal during these events may connect populations hundreds of kilometres apart (Baltensweiler et al., 1977; Baltensweiler & Rubli, 1999) . Larch and pine races interbreed freely in captivity and display only weak assortative mating in the laboratory (Drè s, 2000) . The near-absence of short-range assortativity, combined with high dispersal ability of the larch budmoth is likely to lead to hybridization in the wild. In spite of the potential for hybridization, there are many differences between host races, including female sex-pheromones and male pheromone response (Baltensweiler et al., 1978) , population dynamics (Baltensweiler et al., 1977) , genetic markers (Emelianov et al., 1995) and a number of host use traits, including larval colour, timing of egg hatch (Day, 1984) , and host choice during oviposition (Bovey & Maksymov, 1959) .
Divergent sex pheromones cause assortative mating of Z. diniana host races (Baltensweiler et al., 1978 ), but we have recently shown that the degree of assortativeness also depends on the host plant. The probability of crossattraction can be greatly increased if females 'call' (release sex pheromones) from the other race's host, or from within neighbourhoods with a preponderance of the other race's host (Emelianov et al., 2001) . If this host effect is to enhance assortative mating, there must be a tendency for females and males of each host race to congregate on or around their own host species. In laboratory tests, larch and pine race females tend to lay about 70-90% of their eggs on their own hosts (Bovey & Maksymov, 1959) , but those results were obtained in small-scale experiments under unnatural conditions. Furthermore, host choice for oviposition does not necessarily correlate with a tendency of females to alight and call for males on a particular host, and no data at all exist for alighting preference of males.
In this paper, we use a novel likelihood-based analysis of genetic population structure to calculate the fraction of adults of Z. diniana on their own and alien hosts in natural mixed forests, and from this we estimate the alighting probabilities of both sexes in the wild. We also study alighting choice, as well as its inheritance, in the laboratory. Finally, we estimate the overall hybridization rate between host races in nature by combining the probability that females alight on an alien host, the previously estimated probability of pheromone crossattraction (Emelianov et al., 2001) , and mating preferences at close range (Drè s, 2000) .
Methods

Study sites
Field collections were made in 1998 and 1999 near Bever (9°53¢E, 46°33¢N, alt. 1708 m) and Pontresina (9°54¢E, 46°30¢N, alt. 1805 m), which are situated about 5 km apart in side valleys of the Upper Engadine valley in eastern Switzerland. Both sites are forested with an approximately equal mix of European larch and Cembran pine, and are inhabited by sympatric pine-and larch-feeding populations of the larch budmoth.
Field collections
Larvae
Fourth and fifth instar larvae of Z. diniana were collected in 1998 and 1999 from both larch and pine. Small samples collected in 1998 were used to determine local frequencies of allozymes within the larvae of each host race, in order to check the results from likelihood analysis of the adults from the same year. Larvae collected in 1999 were reared to adulthood, and were then used in the laboratory study of host alighting preference.
Adults
Adults were collected from both sites in 1998 in parts of the forest where the ratio of larch to pine trees was close to 1:1. In 1998, both host races were common, based on our larval survey earlier the same year. We shook lower branches of randomised nonadjacent trees (10 of each host species in Pontresina, 30 of each in Bever) in the early morning when air temperature was below 8°C, the activity threshold of Z. diniana moths. Moths that fell from the branches were collected on cotton sheets placed underneath the trees, frozen in liquid N 2 and shipped to the laboratory for allozyme analysis.
Allozyme electrophoresis
The host races can be distinguished at semidiagnostic allozyme markers. These are: sex-linked isocitrate dehydrogenase (Idh), and two unlinked autosomal loci, malate dehydrogenase (Mdh) and phosphoglucomutase (Pgm; see Emelianov et al., 1995) . In 1998, adults reared from larvae and adults collected directly from host trees were scored for these three allozymes using cellulose acetate electrophoresis. In our host race analysis, we were interested only in alleles that were diagnostic or that differed significantly in frequency, so we lumped rarer alleles with the common ones of similar mobility, leaving two major alleles at each locus: for Idh, f (corresponding to allele 2.40 of our earlier study) and s (1.00), for Mdh, f (5.50) and s (1.00), and for Pgm, f (1.12) and s (1.00); see Emelianov et al. (1995) for details of electrophoretic conditions and alleles.
Analysis of host alighting preference in the field
The host races differ strongly in the frequency of allozymes, although none are fixed (Table 1, see also Emelianov et al., 1995) . Using allozymes, individual females can be identified to a particular host race with an estimated 4% (larch race) to 10% (pine race) error. In males, however, the error is more than an order of magnitude lower (Emelianov et al., 2001) because of the extra allelic information from Idh (females are hemizygous for the sex-linked Idh locus in Zeiraphera because, as in all Lepidoptera, they are the heterogametic sex). Since we are interested in population patterns, rather than in identifying individuals per se, and in behaviour of both males and females, rather than just of males as in the earlier paper (Emelianov et al., 2001) , we here employ a more powerful likelihood analysis of multilocus allozyme genotypes to estimate fractions of host races among the adults on each host, and to estimate host alighting preference of each host race.
Multilocus genotypes within any sample may fall into one or more 'genotypic clusters' (Mallet, 1995; Feder, 1998) , and it is possible to test the null hypothesis that only a single genotypic cluster is present (consisting of a single set of allele frequency parameters, with each allele independent of all others). Rejection of the null hypothesis implies that more than one genotypic cluster, each with a separate set of allele frequency parameters, explains disequilibria and Hardy-Weinberg deviations in the data better than a single genotypic cluster. In the present case of two host races, there are only two sets of allele frequencies, and the statistical analysis carried out allows estimation of relative abundances and allele frequencies of each host race, and their support limits. Feder (1998) defines species on the basis that 95% of individuals can be identified to a particular genotypic cluster. However, in genotypic data of this kind the probability that each individual belongs to a particular genotypic cluster will depend strongly on the amount of genotypic data obtained: for instance, the analysis of three-locus genotypic data obtained here leads to the rather strange result under Feder's criterion that larch and pine males of Zeiraphera diniana fall into separate host-associated species, whereas hemizygous females from larch and pine are merely host races. Instead, the question we ask in our analysis is similar to that of the 'partitioning' analysis of Pritchard et al. (2000) : we ask whether more than one genotypic cluster (i.e. separate populations differing in allele frequency), as well as what allele frequencies in each cluster and what relative frequency of the clusters, can best explain genotypic patterns in the data.
To estimate the fraction of individuals that are larch race beaten from larch (k L ) and from pine (k P ) trees, we make the simplifying assumption that there are no hybrids between the two forms. Because hybridization is likely to occur in nature (and is indeed estimated from the combined behavioural data below), this assumption is strictly incorrect. Nonetheless, for the purposes of our study the assumption is adequate because the hybridization rate is at most only a few per cent (see Results).
The estimation procedure is as follows. Assuming the alleles are independent within each host race (i.e. HardyWeinberg and linkage equilibrium within each host race -as found: see Emelianov et al., 1995) , the probabilities of observing each genotype of a given host race can be calculated given the allele frequencies for f alleles at Idh, Mdh and Pgm (p L , q L , r L , respectively, for the larch race, and p P , q P , r P for the pine race). For example, the expected genotypic fraction g jhP among pine females of the Idh-Mdh-Pgm genotype j ¼ f-fs-ss on host h is p P 2q P (1 ) q P ) (1 ) r P ) 2 . Similarly, the expected fraction g khL of 
. For a particular sex, the expected fractions of genotype i for larch (g ihL ) and pine (g ihP ) races can now be combined to give the overall expected fraction for each genotype on host h:
where k h represents the mixture fraction in that sex that is larch race on tree species h, and (1 ) k h ) is the fraction that is pine race. The likelihood of this genotype is then given by g nih ih where n ih is the number of individuals with genotype i actually found on host h. The overall log likelihood for k h is then P i n ih log e ðg ih Þ. So far, we have developed a method to estimate the fractions of individuals on a given tree species that are larch race (k h ) from the field-collected adults, but we are here more interested in the fractions of individuals of host race r that alight on a particular host tree (l r ), as a measure of the realized host alighting preference of that host race (see also Feder et al., 1994 ; who experienced a similar estimation problem in a similar context). We should remember that l r will be a 'realised' rather than actual preference, because the actual preference of each individual interacts with the spatial structure of host trees through encounter rate. Assuming that local population densities of larch and pine race are equal, the preference of larch moths for alighting on larch is
, while the preference of pine moths for alighting on larch is
where N L is the total number of individuals found on larch, and N P is the total number found on pine. Conversely, the fraction of larch race choosing pine is therefore 1 ) l L , and the fraction of pine race choosing pine is similarly 1 ) l P . In order to use the likelihood analysis above to estimate the realized preferences l r directly, we rearrange to find explicit solutions for k h in terms of l r :
The overall likelihoods for l L , l P , p L , q L , r L , p P , q P , r P were then maximized using the 'Solver' algorithm in a spreadsheet program over both pine and larch tree samples for each site and sex. For the purposes of this analysis, the allele frequencies p L , q L , r L , p P , q P , and r P were assumed the same in males and females for each host race within any site; these allele frequencies for each host race are estimated as 'nuisance parameters' during the procedure, and can be compared with the allele frequencies found in larvae from the same year.
We used the differences in log likelihood (Dlog e L) as a measure of inference in distinguishing realized host alighting preference between samples. In large samples G ¼ 2Dlog e L is distributed as a v 2 (Edwards, 1972; Rohlf & Sokal, 1981) . To assess the error of estimation, we use support limits, defined as parameter values with log e likelihood values 2 units lower than the maximum; these are asymptotically equivalent to 95% confidence limits (Edwards, 1972) , and were obtained by manually varying the parameter of interest, and re-maximizing the likelihood while leaving all other parameters free to vary, until the log e L was 2.00 units below the maximum. This procedure also includes a test of the null hypothesis for a single genotypic cluster: there is evidence for presence of both host races within any sample when support limits obtained in this way include neither k h ¼ 0 nor k h ¼ 1 (or equivalently, neither l r ¼ 0 nor l r ¼ 1).
Measurement of host alighting preference in the laboratory
Virgin females and males were placed individually in 1-L clear plastic cages containing a pair of similar 10 cm cuttings of European larch and Cembran pine planted in clean wet sand 5 cm apart. The experiment was performed in a controlled-climate room (17 ± 1°C with 16 h light ⁄ 8 h dark cycle with 30 min dawn and 60 min twilight, consisting of gradual transition from complete darkness to full brightness, and vice-versa). The settling position of each individual was recorded every 30 min for 3 h before dark and 2 h after dark, the period of maximal pheromone activity in the larch budmoth (Emelianov et al., 2001) for at least two nights. For the first 3-5 min of each 30 min observation cycle, the position of each moth was recorded: on larch, on pine, or on the inner surface of the cage (¼ 'null'). The cage was then tapped gently until the moths flew up and alighted on the inner surface of the cage. During the remaining 25-27 min moths were free to initiate a flight and choose a new alighting position, which was in turn recorded at the beginning of the next observation cycle.
After completing these experiments, these same adults were crossed in all four possible directions. Fecundity of pine females was low, and few progenies from pine race mothers were obtained. Therefore, only larch · pine and larch · larch crosses could be used for estimation of alighting in laboratory-reared moths. All individuals were reared on artificial diet from third instar to pupation to control as far as possible for the effect of larval environment. Early instar larvae do not survive on artificial diet, and were therefore reared from first to second instar on larch shoots, whatever their genotype. Host alighting preferences of the resultant adult males (12 larch · larch families and 21 larch · pine families) and females (12 larch · larch, and 19 larch · pine families) were tested in the same way as for their parents. There was some evidence for heterogeneity between broods within each cross type, suggesting correlations among individuals within broods. Thus the individual was not an appropriate level of analysis for tests involving these broods. Therefore, for all analyses involving broods (i.e. larch · larch or larch · pine), the response data of the entire brood, consisting of the data for all brood members, took the place of the data for the 'individual' in the statistical analyses described below. This method most efficiently uses the data from each individual to compare between brood types, while still recognizing that some of the variation between brood types is due to uninteresting brood-to-brood 'error' variation.
Beta-binomial tests of laboratory alighting preference
Estimates of alighting differences between strains (i.e. host races or F 1 hybrids) were obtained using a likelihood method, as follows. Choices made by each moth during individual observation cycles can be assumed to follow a binomial distribution, but average choice may differ between individuals within each strain. It is therefore important to allow for variation between individuals within strains when testing for differences between strains. Assuming that the former follows a beta distribution, we obtain a beta-binomial distribution for host alighting choice overall. The beta distribution is used here because it can be parameterized to fit a variety of data distributed between 0 and 1, whether bimodal, skewed, or simple binomial-like. Thus data that has a variance greater than a simple binomial is easily accommodated by the betabinomial distribution. Likelihood analysis of strain-specific alighting preference was carried out using the program BETABINO written by Ziheng Yang (see appendix in Jiggins et al., 2001) . Using this method, we examined (1) choice between alighting on larch vs. alighting on pine shoots (host alighting preference), and (2) choice between alighting on a shoot vs. alighting on the wall of the container (null-choice probability). BETABINO also calculates standard errors for each parameter from the curvature of the likelihood surface near the maximum likelihood value; if there is heterogeneity between individuals within a strain, this standard error will be larger than the standard error expected under a simple binomial model.
Results
Host alighting preference in the field
Overall allele frequencies estimated from larvae and adults collected from larch and pine trees in 1998 are shown in Table 1 . Allele frequencies for the host races estimated from larval populations and those estimated by likelihood analysis of adults resting on each tree species are not significantly different (Table 1) . No significant differences in the alighting preferences reported below occur whether we use the larval allele frequencies to estimate adult alighting parameters, or, as here, estimate allele frequencies and alighting preferences within a single analysis of adult genotypes. Genotypes of adult males and females collected from different hosts in Bever and Pontresina are shown in Appendices 1 and 2, respectively. The fractions of larch race among moths found on either larch or pine (k h ) and realized preferences for larch (l r ) of each host race and their support limits are shown in Table 2 . Realized alighting preferences of moths differed strongly and highly significantly between races for both sexes at both sites (Fig. 1,  Table 2 ); however, allele frequencies and realized preferences (l r ) showed only slight differences between sites (Fig. 1, Tables 1 and 2 ) which were marginally significant in males (G 8 ¼ 15.76, P < 0.05), but not in females (G 8 ¼ 9.78, ns). Within the larch race, females tended to This table shows larch-based maximum likelihood estimates: the fraction of larch moths among total individuals collected either from larch (k L ) or from pine (k P ), and realized preference of larch and pine race individuals (l L , l P ) for larch. The fraction of pine race moths on each host h is given by (1 ) k h ), and the realized preference of host race r for pine is given by (1 ) l r ).
show a stronger realized alighting preference for larch than males at both Bever and Pontresina, and overall (see support limits in Table 2 ), but in the pine race, females did not differ significantly from males. In spite of the strong preferences, however, in almost all cases there was highly significant evidence for both host races being present in samples, and that preference for the native host was nonabsolute. The only exception is that no larch females at Pontresina were found on pine (k P ¼ 0), and that therefore larch females were estimated to have an absolute preference for larch (l L ¼ 1) at that site.
Alighting behaviour of pure races and hybrids in the laboratory
Despite considerable overlap (Fig. 2a,b) , wild females of larch and pine races also showed a significant preference for alighting on their own host in the laboratory (G 1 ¼ 34.29, P < 0.001) (Fig. 3) . The same was also true for males (G 1 ¼ 19.97, P < 0.001) (Fig. 3) . Our analysis and experimental design controlled for potential family effects and behavioural effects of sex pheromones, thus the host-specific alighting behaviour of males is due to an attraction to the host itself. After one generation of laboratory rearing, larch females and, to a lesser extent, larch males retained the larch preference, whereas hybrids showed no preference; they behaved in a manner intermediate between pure races (Figs 2c,d and 3). Laboratory-reared larch females did not differ from wild-collected females (G 1 ¼ 0.028, ns) but were significantly different from pine females (G 1 ¼ 24.6, P < 0.001) and from hybrid females (G 1 ¼ 5.00, P < 0.05). Similarly, laboratory males did not differ from wild larch males (G 1 ¼ 2.12, ns), although they were also not significantly different from hybrid males (G 1 ¼ 1.92, ns). 'Null' choices occurred at a high rate during our experiments, consistently above 50% of observations. Larch females did not differ significantly in terms of nullchoice probability from pine females, and larch males did not differ in this respect from pine males. However, purerace males made significantly more null choices (83%) than females (62%) (Fig. 4 ; G 1 ¼ 97.26, P < 0.001). Larch race Realized preference for larch Pine race Fig. 1 Realized alighting preference for larch in the field (l L for larch race, l P for pine race). Error bars show two-unit support limits (asymptotically equivalent to 95% confidence limits) around the maximum likelihood estimate. 
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Hybrids made significantly more null choices than purerace moths (Fig. 4) , 72% for females (G 1 ¼ 19.97, P < 0.001), and 89% for males (G 1 ¼ 18.52, P < 0.001).
Discussion
Host choice, alighting behaviour, assortative mating, and speciation via pleiotropy From this study it is clear that (i) adult females of larch and pine host races of Zeiraphera diniana prefer to alight on their native host in both field and the laboratory; (ii) the same is true, perhaps to a somewhat lesser extent, for pure-race males; (iii) laboratory hybrids of both sexes have no significant preference and choose larch or pine alighting substrates approximately at random. Our results show that host alighting preference is most strongly expressed with real host trees in the field, but is also demonstrable even in small-scale laboratory tests with small twigs of host material. The laboratory experiments indicate that the strong interracial differences in host alighting observed in the field are heritable rather than nongenetic, for instance inability of moths to disperse from hosts on which they developed as larvae.
It has been long recognized that a sufficiently strong tendency of adults to alight on their larval hosts can lead to adaptive speciation via assortative mating of hostspecific populations when the host is used as a mating rendezvous (Tregenza & Butlin, 1999) . Empirical studies have demonstrated this kind of assortative mating in tephritid (Craig et al., 1993; Feder et al., 1994) and agromyzid (Tavormina, 1982) flies, chrysomelid beetles (Kreslavsky et al., 1981) , and aphids (Via, 1999) . In all of these cases, males are thought to rely on host cues in order to find mates. Zeiraphera differs in that the host is not used as a direct cue for mate finding. In this species, as well as in the majority of Lepidoptera, mate-finding is via long-range sex-pheromones whose chemical composition does not depend on host (although some effects of host plants on mating have been found; see Landolt & Phillips, 1997) . The long-range attraction of Zeiraphera males to calling females is usually highly assortative. This is mainly caused by pheromone differences, but we have shown that the degree of assortative attraction depends strongly on the host tree from which females call, and on the ratio of host and nonhost trees in the neighbourhood of the caller: cross-attraction is reduced when females call from a tree of their own host species, and from neighbourhoods where their own host is abundant (Emelianov et al., 2001 ). However, in order for this host effect to result in assortative attraction in the field, adults of both sexes must preferentially settle on or near their own hosts. Divergent host preference is of course expected in females, whose choices during egg-laying are likely to have direct fitness effects on their offspring. Host-specific alighting preferences in males, on the other hand, seem somewhat less likely. Nonetheless, the interaction between cross-attraction and the host from which females call is best explained by a propensity of males to congregate around their native hosts (Emelianov et al., 2001) . In this paper, genetic analyses of field populations, together with laboratory choice experiments, show that males do indeed express host-specific alighting behaviour. The host-associated alighting preferences we have uncovered in both males and females, together with the earlier results on host-dependent assortative attraction, thus show how sympatric ecological divergence can enhance assortative mating. We have little evidence on the particular question of whether host races of Z. diniana initially diverged in sympatry. Instead our results in Zeiraphera are more important in showing that this sympatric route to assortative mating is likely in general.
Inheritance of host alighting behaviour in the laboratory
Inheritance of host alighting behaviour of both males and females of phytophagous insects has not to our knowledge been investigated previously. Post-alighting oviposition behaviour has been studied, and may show either additive (Pennacchio et al., 1994; Messina & Slade, 1997; Sezer & Butlin, 1998) or dominant (Lu & Logan, 1995) patterns of inheritance. We here show that differences in alighting preference between host races are heritable, and that the preferences of hybrids is intermediate between parental races, suggesting approximately additive inheritance. These results pave the way for further research addressing many important questions. For example: How many genes or regions of the genome are involved in control of the host alighting behaviour? Is the host alighting behaviour of males and females controlled by the same loci? Are the genes involved in oviposition preference the same as those involved in alighting preference (as seems likely)?
Probability of hybridization between host races of Z. diniana
If the host alighting behaviour of female Z. diniana were random, then, given the probabilities of cross-attraction, that is 3.3 and 37.7% for larch females calling, respectively, from larch and pine, 9.1 and 6.3% for pine females calling from pine and larch (Emelianov et al., 2001) , the average hybridization probability for larch and pine females would be, respectively, 20.5 and 7.7%. Interestingly, this high probability of hybridization would exist despite strongly differentiated pheromone-signalling systems. The actual probability of alighting on an alien host in the field, however, is here estimated as 14% for females of both larch and pine races (Table 2) . Assuming these alighting preferences are typical, we can combine our data on long-range cross-attraction measured at Bever (Emelianov et al., 2001) and estimate the overall probability of hybridization between host races. The high fidelity of the females' host alighting choice ensures that larch females (l L ¼ 0.86) would be approached by males 91.9% of whom are larch race; i.e. 0.86 · (1 ) 0.033) + 0.14 · (1 ) 0.377). Thus, assuming random mating at close range, the probability that larch females hybridize is 8.1%. Similarly, for a pine female (l P ¼ 0.86), the probability that she mates with a pine male is 91.3% (i.e. 0.86 · 0.909 + 0.14 · 0.937) and her probability of hybridization is 8.7%, again assuming no close-range assortative mating. (Note: the very slight differences between estimates given in Emelianov et al. (2001) and here are due to a minor change in assumptions adopted in this paper. We here relax our former assumption that allele frequencies are the same as those found in larvae).
However, mating behaviour at close range is not completely random. Laboratory mate choice experiments show that in 1:1 mixed populations, the chances that larch females mate with larch and pine males are 0.800 and 0.200, respectively, while the equivalent probabilities for pine females are 0.296 and 0.704 (Drè s, 2000) . Using the figures above, the overall probability bias towards assortative mating for larch females will be (0.919 · 0.800) : (0.081 · 0.200) ¼ 0.7352 : 0.0162. Thus, the probability that larch females mate with pine males should be 0.0162 ⁄ (0.0162 + 0.7352) % 2.2%. Similarly, the overall assortative mating bias for pine females will be (0.913 · 0.704):(0.087 · 0.296) ¼ 0.6427:0.0258, and the probability of hybridization between pine females and larch males should be 0.0258 ⁄ (0.6427 + 0.0258) % 3.8%. On average, hybridization rates are expected to be about 3%.
These estimates are strongly dependent on a series of modelling assumptions, as well as on the particular details of where and when we carried out our field studies. For this reason, we do not attempt to estimate the support limits on our estimates -factors other than statistical errors are probably more important overall. For instance, we assume that: (1) mating takes place in populations with equal densities of females of each host race; (2) relative densities of larch and pine males are as found in Bever in 1997 (Emelianov et al., 2001) ; (3) larch and pine host trees are evenly scattered and at equal density; (4) alighting behaviour of virgin females and males is similar to that of adults of unknown mating status collected in the field during this study; (5) the probability that a female mates with an attracted male is as predicted by close-range mate choice experiments (Drè s, 2000) -if instead females mate with the first male to arrive, for example, the hybridization rate might be higher, and dependent only on relative rates of longrange attraction; (6) females mate once; or, if more than once, further matings are independent of and as assortative as the initial mating. Clearly, at least some of these assumptions, particularly those about relative population density and dispersion will be violated some of the time, or perhaps even most of the time. In particular our estimate of hybridization will be approximately correct only for the demographic situation -approximately 1:1 ratio of each host race -present at the study sites during our fieldwork. In most areas, however, one or other race will predominate. This can be caused by variability in forest composition from almost pure larch to almost pure pine, or due to strong periodic oscillations of population density in the larch race (Baltensweiler et al., 1977) . Such density differences will alter the interaction between host choice and mate choice by affecting the local ratio of larch and pine race individuals. Nonetheless, our purpose here is to gain an idea of the maximal rate of hybridization under natural conditions of sympatry and equal densities, rather than to obtain a globally accurate probability of hybridization over the whole range of the two forms.
Comparison with estimated hybridization rates in similar studies Our hybridization estimates are similar to those made for other insects that use host plants rather than long-range mating cues. For instance, in the chrysomelid beetle Lochmaea caprea the probability of hybridization between birch and willow races in sympatry is 1-3% (Kreslavsky et al., 1981) ; for hawthorn and apple races of the tephritid apple maggot Rhagoletis pomonella the probability is about 6% (Feder et al., 1994) ; and for alfalfa and clover races of pea aphids Acyrthosiphon pisum it is 9-11% (Via, 1999) . In another case where neither habitat cues nor long-range pheromones are involved in mate attraction, hybridization also occurs at a similar rate: in parapatry between two closely related species of Heliconius butterflies the rate is about 5% (Mallet et al., 1998) .
The fact that none of these estimates exceed 10% is probably not accidental. Continued gene flow between the host races should quickly obliterate any differentiation unless divergent selection prevents fusion. If selection is only moderate, which is likely, low rates of gene flow will be a requirement for the maintenance of a bimodal genotypic distribution, or, in other words, for the coexistence of two recognizable, genetically distinct genotypic clusters. Possible mechanisms preventing genetic homogenization are selective mortality of hybrids, due to a sensitivity to secondary chemistry or physical defences of the host, or to an asynchrony of hybrid egg hatch with the timing of bud-burst. Selection for synchronization between egg hatch and bud-burst is known in a close relative, the spruce-feeding Zeiraphera canadensis, where juvenile mortality is strongly affected by the timing of bud-burst (Ostaff & Quiring, 2000) . Another possibility is that hybrids are less fit for other ecological reasons: for example, the increase of null choice alighting probability seen in our experiments with laboratory hybrids may have some fitness-related effects in the field. Although we do not yet understand the causes of selection, it is clear that some such process must occur, or the differences between the host races would have broken down.
Host preference, imperfect sympatry, and reproductive isolation
We have shown that the attraction of Zeiraphera to their own hosts contributes strongly to assortative mating. Provided that an evolutionary shift in female host preference is also expressed in males, as here, evolution of divergent host choice in a hypothetical ancestor of Zeiraphera host races would cause some degree of reproductive isolation, even in the absence of pheromone differentiation. Hybridization between host-specific populations will be maximal when the environment is fine-grained in space and time (hosts are not clumped). A uniform fine-grained environment or 'ideal sympatry' is typically assumed in models of sympatric speciation, e.g. Dieckmann & Doebeli (1999) , but hybridization rates decrease when this 'ideal sympatry' is violated. Because rapid host choice evolution under intense directional or disruptive selection seems not improbable, and because hosts and their host-specific parasites are almost always distributed in a somewhat coarse-grained, nonideal sympatry, the possibilities for sympatric speciation seem much more substantial than normally imagined in simplified models. Of course, to some extent, this 'imperfect sympatry' becomes increasingly similar to an allopatric or parapatric distribution as hosts and their parasites become more clumped spatially and temporally. To avoid getting caught up in a sterile terminological debate about the meaning of sympatry, an alternative way of phrasing our general conclusion is as follows: -a consideration of population structure of hosts and behaviour of parasites suggests that host shifts may often be sufficient to initiate speciation in parasites, even in species that do not use the host directly as a cue in mate choice, and even in the absence of geographical isolation.
